A novel adsorbent, named tri-amino-functionalized mesoporous delta manganese dioxide (NNN-MnO 2 ), was synthesized by bonding trimethoxysilyl propyl diethylenetriamine onto the surface of delta manganese dioxide (δ-MnO 2 ) and used as a Cu(II) adsorbent in aqueous solution. The graft of silane coupling agent onto δ-MnO 2 was verified by Fourier transform infrared spectroscopy. The crystalline structure of the adsorbents was indicated by an X-ray powder diffractometer. The specific surface area, pore volume, and Barrett-Joyner-Halenda pore diameter of the NNN-MnO 2 were 93.50 m 2 g À1 , 0.31 cm 3 g À1 , and 13.12 nm, respectively. The Elovich equation described well the Cu(II) adsorbing process and the negative values of ΔG and the positive values of ΔH and ΔS indicated a spontaneous and endothermic process. The Langmuir equation fitted well the adsorption isotherm at 298 K and the maximum adsorption capacity of NNN-MnO 2 for Cu(II) at pH 4 was 87.72 mg g À1 , which was higher than that of the un-functionalized δ-MnO 2 (66.67 mg g À1 ). The graft of tri-aminofunctional groups enhanced the uptake of Cu(II), and NNN-MnO 2 was a promising candidate for Cu(II) removal from aqueous solution.
INTRODUCTION
Excess concentration of copper (Cu(II)) in water has caused a series of environmental problems and public health concern. Plenty of technologies have been adopted for Cu(II) removal from aqueous solutions. In view of the effectiveness, easy implementation, and cost effectiveness, the adsorption process is regarded as one of the best potential remedies for pollutants removal (Yetis et al. ) . Recently, new organic-inorganic hybrid adsorbents have been employed for the removal of metal ions to overcome the drawbacks of the traditional materials (Meneghel et al. ) . The introduction of distinct organo-functional groups onto the surface of the common materials is one of the normal ways to prepare novel materials with specific binding sites (Hideaki ) .
Amino-functionalized hybrid materials, on account of the chelating ability of amino groups and charged surface characteristics, have turned out to be a group of effective and efficient sorbents for secluding pollutants from aqueous solution. The adsorption capacity and the selectivity for Cu(II) by the amino-functionalized mesoporous silica materials are satisfactory (Kathy et al. ) . Hydrous manganese dioxides, due to the negative surface charge, and high specific surface area, are widely used in metal ions removal in aqueous system, but few studies on organo-functionalized manganese oxides are reported.
In this study, the tri-amino-functional groups are introduced onto the surface of hydrous manganese dioxides by organo-functionalization, and the characteristics of the novel material are explored. The adsorption behaviors as well as the influencing factors for Cu(II) removal are also evaluated.
MATERIALS AND METHODS

Chemicals
The mesoporous delta manganese dioxides (δ-MnO 2 ) were synthesized by redox reaction of potassium permanganate (KMnO 4 ) and hydrogen peroxide (H 2 O 2 ). Trimethoxysilyl Propyl Diethylenetriamine (TPD) was purchased from Alfa. Toluene was used as a solvent for organo-functionalization. Copper nitrate (Cu(NO 3 ) 2 ) was used as the target pollutant. All of the other agents were analytical grade and used as received.
Experimental procedure
Synthesis of NNN-MnO 2
The synthesis of δ-MnO 2 and tri-ammonium functionalized sorbent was according to the previous work (Zhang et al. ) , and the revised procedures were as follows. A 1.0 g of as-synthesized δ-MnO 2 was dispersed in dewatered toluene (80 mL) with violent agitation and nitrogen (N 2 ) protection. Then 0.2 g of TPD was added dropwise at the refluxing temperature for 1 hour. After 6 hours, the resulting suspension was filtered and washed by toluene (200 mL), acetone (200 mL), and ethanol (800 mL) successively. The cake was dried at 333 K for 12 hours, and the final product was identified as NNN-MnO 2 .
Characterizations
A NOVA 1200 BET analyzer (Micromeritics Co., USA) was used to record the N 2 adsorption/desorption isotherm. The Brunauer-Emmett-Teller (BET) method was used to determine the specific surface areas, and the Barrett-Joyner-Halenda method was used to evaluate the pore size distribution and pore volume of the materials. The external surface areas and the areas of micropores were calculated by the t-plot method. An X-ray diffraction (XRD) diffract meter (X'Pert PRO MPD, Eindhoven, The Netherlands) was used to record the X-ray powder diffraction spectra with Cu Kα radiation under the conditions 40 kV and 30 mA. The vibration frequency changes the functional groups before and after functionalization were determined by Fourier transform infrared (FT-IR) spectroscopy (Vertex 70 Sample Compartment MIR-FIR, USA). The powders were blended with anhydrous KBr after drying at 60 W C for 24 hours, and the samples were detected in the wavenumber range from 400 to 4,000 cm À1 (spectral resolution: 4 cm À1 , number of scans: 32).
Adsorption experiments
Adsorption kinetics
After addition of 400 mL of 0.20 mmol L À1 Cu(II) solution with ionic strength of 0.01 mol L À1 NaNO 3 into two 500 mL conical flasks, the initial solution pH was adjusted to 4.0 (±0.1). Then 40 mg of NNN-MnO 2 or δ-MnO 2 was transferred into the flask, respectively. The mixtures were transferred into an oscillator with shaking speed of 140 rpm. Samples were extracted at diverse time intervals (1 minute-24 hours). After filtration by a 0.45 μm film, an atomic absorption spectrophotometer (AA-6300 Shimadzu Co., Kyoto, Japan) was used to determine the residual concentrations of Cu(II) in the filtrate. The pseudo first-order equation (Lagergren ), pseudo second-order equation (Ho & McKay ) , and Elovich equation (Chien & Clayton ) were used to evaluate the kinetics of the adsorption process.
Adsorption isotherms
One hundred milliliters of Cu(II) solutions were added into 150 mL conical flasks and the concentration of Cu(II) was preset at 0.02, 0.06, 0.10, 0.14, 0.18, 0.20, 0.24, and 0.28 mmol L À1 , respectively. The initial solution pH is controlled at 4 (±0.1). After that, 10 mg of NNN-MnO 2 or δ-MnO 2 were added into the flasks. At 298 K, the mixtures were kept for 48 hours in the oscillator with a shaking speed of 140 rpm. Then the suspensions were filtered with 0.45 μm films, and the residual concentrations of Cu(II) in the filtrate were analyzed. The non-linear Langmuir and Freundlich isotherms models (Freundlich ; Langmuir ) were used to describe the experimental data.
RESULTS AND DISCUSSION
XRD and SEM
The XRD patterns (Figure 1(a) ) show that there are only two resolved peaks of the samples assigned to 111 and 312 diffractions observed at 2θ angle of 37 W and 66 W . Compared to the spectrum of Birnessite (JCPDS No. 42-1317), the broad and low intensity of the bands reveals the characterization of poorly crystalline δ-MnO 2 . The scanning electron microscopy (SEM) images of δ-MnO 2 and NNN-MnO 2 (Figure 1(b) and 1(c)) illuminate the individual and spherical particle morphologies. The diameter of the ball-like aggregates is in the range of dozens of nanometers.
FT-IR
As shown in Figure 2 , the strong band at around 540 cm À1 can be assigned to the stretching and bending vibration modes of the Mn-O bond (Tong et al. ) . The peaks in the region of 2,800-3,025 cm À1 are attributed to C-H stretching vibration (Wang et al. ) . After functionalization, the peak of C-N bending vibration at 2,360 cm À1 appears. Although there is the possibility of overlapping with the O-H bending vibration at 1,630 cm À1 , the intensity of the band at 1,650 cm À1 is strengthened after functionalization. This indicates the graft of TPD onto δ-MnO 2 . The decrease of transmittance at 1,647 cm À1 after Cu(II) adsorption by NNN-MnO 2 further indicates the interaction between Cu(II) and the amino groups (Lee et al. ) .
N 2 adsorption/desorption isotherms
Either δ-MnO 2 or NNN-MnO 2 shows an obvious hysteretic loop (Figure 3) , which belongs to the type IV isotherms according to IUPAC. Although the pore size distributions of the two adsorbents are in a relatively wide range, the pore sizes of δ-MnO 2 and NNN-MnO 2 are still in the mesoporous range (Morishige et al. ). Parameters of the surface structure (Table 1) show that the specific surface area of NNN-MnO 2 is much less than that of the un-functionalized one. Comparing to the t-plot results of δ-MnO 2 and NNN-MnO 2 , the change is mainly ascribed to the decrease of the external surface area. Meanwhile, both the specific surface area and the external surface area of the Cu(II) loaded NNN-MnO 2 increase obviously. This indicates that the organic molecules are anchored on the external surface of δ-MnO 2 , and the uptake of Cu(II) takes place on the external surface of the NNN-MnO 2 .
Adsorption kinetics
The rate of Cu(II) uptake by NNN-MnO 2 in Figure 4 is obviously less than that of δ-MnO 2 . Although 62% uptake of Cu(II) by NNN-MnO 2 is achieved within the initial 4 hours, the equilibrium adsorption capacity of Cu(II) is much higher than that of δ-MnO 2 . The error analysis and the values of coefficient of determination (R 2 ¼ 0.974 for δ-MnO 2 , R 2 ¼ 0.980 for NNN-MnO 2 ) suggest that the Elovich model fits better for the adsorption process than the other ones. This indicates the predominantly chemical adsorption of Cu(II) onto the highly heterogeneous surface of the δ-MnO 2 and NNN-MnO 2 (Pérez-Marín & Meseguer Zapata ). 
Effect of pH and ionic strength
As presented in Figure 5 , the removal efficiency of Cu(II) tends to increase with the increase of the initial pH. At pH 2.0 or 3.0, the removal efficiency of NNN-MnO 2 is lower than that of the δ-MnO 2 , which is ascribed to the competition of Cu(II) and the protonated amino-functional groups (Mureseanu et al. ; Wang et al. ) . Because of the binding effect of the amino groups with Cu(II), the NNN-MnO 2 performs much better than δ-MnO 2 at pH above 4.0 (Hao et al. ) . Meanwhile, the adsorption of Cu(II) is ionic strength independent and the adsorption mechanism of Cu(II) is inner-sphere complexation rather than ion exchange (Tiwari et al. ) .
Adsorption isotherms
As shown in Figure 6 , the adsorption capacity of NNN-MnO 2 is much higher than that of the un-functionalized δ-MnO 2 at corresponding conditions. The Langmuir equation shows a good fit for the adsorption isotherms, which implies a monolayer adsorption of Cu(II) onto the homogeneous surface of the adsorbents (Fu et al. ) .
And the performance of NNN-MnO 2 (q exp ¼ 86.94 mg g -1 ) is an advantage for most of the reported materials, such as 5.66 mg g -1 for β- 
CONCLUSIONS
Tri-amino-functionalized manganese dioxide (NNN-MnO 2 ) was synthesized by post grafting of TPD onto the external surface of the δ-MnO 2 . The chemical adsorption of Cu(II) onto the heterogeneous surface of the δ-MnO 2 and NNN-MnO 2 dominated the uptake of Cu(II). The Elovich equation described the Cu(II) adsorbing processes well, and the process was spontaneous and endothermic. Higher pH was in favor of the removal of the Cu(II), while ionic strength had no obvious effect. The Langmuir isotherm model fitted well for the adsorption equilibrium, and the adsorption capacity of the NNN-MnO 2 at 298 K and pH 4.0 was 87.72 mg g À1 . The uptake of Cu(II) was enhanced by the graft of tri-amino-functional groups onto δ-MnO 2 , and NNN-MnO 2 acted as a potential adsorbent for efficient Cu(II) removal. 
